We used cytochalasin D to reduce contraction-related optical signals by inhibiting muscle contraction for the optical monitoring of action potentials, using a voltage-sensitive dye in isolated rat atrium preparations. The suppression of contractionrelated signals was so strong that we concluded that this chemical is suitable for this purpose.
Optical techniques for monitoring membrane potential using fast voltage-sensitive dyes are powerful new tools for studying cardiac electrical functions. These methods have several advantages over more conventional electrophysiological techniques, and they are indispensable for understanding the mechanism(s) behind the generation and maintenance of cardiac arrhythmias, in which reentry and/or abnormal automatism may take part [1, 2] .
Using a voltage-sensitive merocyanine-rhodanine dye together with a 16 × 16 or 12 × 12 element photodiode array, we recorded optical action potentials (i.e., action potential-related optical signals) simultaneously from many sites, and optically mapped the excitation spread in isolated rat atrial preparations during the abnormal state of atrial rhythm, which we named "tachycardia-like excitation" (TE), evoked by electrical stimulation [3] [4] [5] [6] . During TE, the action potentials occur at a much faster rate than in the normal condition, and the physiological pacemaker does not work. We demonstrated that the reentry mechanism took part in most situations of TE.
Throughout these studies, the suppression of optical signals resulting from muscle contraction (i.e., artifacts) has been the most serious technical problem for obtaining fine optical action potentials. To reduce contraction-related optical signals, we have used mechanical stretching as well as 2,3-butanedione monoxime (BDM: 20 mM), a chemical that inhibits muscle contraction while having little affect on the electrical activities of the cardiac muscle [2, 3] . However, the inhibitory effect of this chemical is not complete, and the optical action potentials obtained were always contaminated with contraction-related signals to some degree. Because optical action potentials always precede contraction-related signals, we could discriminate them by the timing of their appearance. But in some cases, it was difficult to do this when the optical action potential was masked with the contraction-related signal. Furthermore, for an analysis of the precise shape of an action potential, especially the repolarization phase, the elimination of any contraction-related optical signal is indispensable. We have been searching for a new chemical that induces a more effective suppression of the contraction-related signal.
Recently, cytochalasin D (Cyto D) has been identified as a chemical that inhibits muscle contraction with a minimal affect on electrical excitation. For the optical recording of the cardiac action potential, this chemical was first applied to canine ventricular muscle [7] , then to the heart of developing chick embryos [8] , and perfused mouse and rat hearts [9, 10] . We used this chemical in isolated rat atrial preparations and evaluated its validity in the optical recording of action potentials.
Some of the results presented herein have been communicated in a preliminary abstract [11] .
The experimental methods were the same as those described in previous papers [3] [4] [5] . Adult rats (Wistar strain: 400-800 g) of both sexes were anesthetized by the inhalation of ether. The hearts were quickly removed and bathed in an ice-cold bathing solution. The atrial preparations, including the left or right auricle, were isolated. The preparations were attached, positioning the endocardial side upward to the silicone bottom of a chamber by pinning with tungsten wires. The preparations were kept in an oxygenequilibrated bathing solution with the following composition (in mM): NaCl, 149; KCl, 5.4; CaCl 2 , 1.8; MgCl 2 , 0.5; Tris HCl buffer (pH 7.4), 10; and glucose, 10.
The isolated atrial preparations were stained in the bathing solution with 0.5 mg/ml of a fast voltage-sensitive merocyanine-rhodanine dye (NK2761, Hayashibara Biochemical Laboratories Inc.) [12] for 30 min. After staining, the preparations were washed with several changes of normal bathing solution. Neither phototoxic effects nor pharmacological actions could be observed using this dye, of which the bleaching time was fairly long [1] [2] [3] [4] [5] .
The optical recording system used in this study was equipped with a 16 × 16-element photodiode array and was described in a previous report [4] . Each photodiode element (pixel) detected optical (absorption) signals from a 620 × 620 µm 2 area in the preparation. Incident light was made quasimonochromatic by an interference filter of 700 nm (for the recording of optical action potentials) or 620 nm (for the recording of contraction-related signals) placed between the light source and the preparation (Type M. C. 25φ, Asahi Spectra, Tokyo, Japan). We stimulated the preparation by using a bipolar electrode at 0.5 Hz. Optical recordings were carried out in a still chamber without continuous perfusion with the bathing solution at a room temperature of 23-27°C. The incident light was turned off except during the measurement period in order to avoid a bleaching of the dye. Figure 1 shows the inhibition of muscle contraction by Cyto D. In this figure, optical signals recorded from three pixels (a, b, and c) are represented, and muscle contraction is evaluated as the amplitude of the contraction-related optical signal. The leftmost three traces are optical signals recorded in the normal solution. Although optical action potentials could be recognized in traces a and b (indicated by arrowheads), the contraction-related signals (indicated by filled circles) were quite large. In trace c, the optical action potential was covered with a huge contraction-related signal. In the traces obtained at 15 min after the application of Cyto D (40 µM), the contraction-related signals became smaller, and optical action potentials could be observed more clearly. Note that the vertical calibration is different between the leftmost traces and others. In the traces obtained at 30 min after the application of Cyto D, the contraction-related signal became much smaller. In trace b recorded at 620 nm, the contraction-related signal was almost completely suppressed. As can be seen in this figure, the application of Cyto D gradually inhibited contraction of the isolated rat atrial preparation, but the action potentials could be observed in the presence of Cyto D.
The optical signals shown in Fig. 2 were recorded at 60 min after the application of Cyto D from the same preparation as in Fig. 1. In Fig. 2 , the 5 × 7 selected traces are arranged so that their relative positions correspond to the relative position of the loci of the preparation imaged onto the detector. In the recording at 700 nm shown in Fig. 2A , optical action potentials are clearly seen. The waveform of the action potential is clearly recognized from the rapid depolarization to the repolarization phase. In the recording at 620 nm shown in B, the contraction-related signals Although Cyto D did not affect the amplitude of the optical action potential, it affected the property of the excitation spread. In Fig. 4A , two traces of optical action potentials are shown. They were recorded from a pixel near the stimulation electrode (trace a), and, from that apart from the electrode (trace b). The delay between the feet of optical action potentials (indicated by arrowheads) became shorter at 60 min after the application of Cyto D (40 µM) than in the normal solution. The time course of the shortening of the delay is shown in Fig. 4B . The time course was similar to the effect of the suppression of contraction. The reduction in the conduction delay by the application of Cyto D (20-40 µM, 60 min) was about 35% (n = 3). The shortening of the delay was partially recovered after the removal of Cyto D from the bathing solution (data not shown).
As shown in Figs. 1, 2, and 3, Cyto D is an effective inhibitor of muscle contraction for the optical recording of action potentials, using a voltage-sensitive dye. The efficacy of this chemical is better than that of BDM, which was used in previous studies. As shown in Fig. 3A , the application of Cyto D (40 µM) suppressed the contractionrelated signal almost completely. The application of BDM (20 mM) did not suppress the contraction-related signal so effectively (see Figs. 1 and 3 of Ref. 3) .
Using electrophysiological techniques, Biermann et al. reported the effect of Cyto D and BDM on action potentials in the canine ventricular muscle [13] . They reported that Cyto D affected neither the amplitude, duration, nor the maximum rate of rise of the action potential of the ventricular muscle, although BDM shortened the duration of the action potential. On the other hand, the prolongation of the duration of the ventricular action potentials has been reported in mouse, rat, and rabbit hearts [9, 10, 14, 15] . It is plausible that Cyto D affects the electrical activity of cardiac myocytes, depending on animal species and the concentration of the chemical. In atrial muscle, we could find no reports on the effect of Cyto D on electrophysiological properties.
In addition, as shown in Fig. 4 , Cyto D decreased the delay due to the conduction of excitation, i.e., Cyto D increased the conduction velocity. This is a new finding concerning the actions of this chemical, although its mechanism(s) is still unknown.
Furthermore, the molecular basis behind Cyto D-induced suppression of cardiac contraction remains unknown. Cytochalasins prevent actin from polymerizing by binding to the end of actin filaments and cause dramatic changes in the actin cytoskeleton [16] . It is plausible that Cyto D acts on the sarcomeric actin filament; thus the mechanism(s) involved in force generation is consequently suppressed. However, the action of Cyto D on the sarcomeric actin filament remains unclear. Further studies are needed to elucidate this.
It is clear that Cyto D can effectively inhibit contraction-related signals in the optical recording of the membrane potential using a voltage-sensitive dye, although there are several unsolved problems. Cyto D is a powerful tool for the analysis of the experimental arrythmia in atrial preparation. We have carried out the experiment on tachycardia-like excitation in isolated right atrium preparations, and we have mapped the course of circus movement of excitatory wave around a blocked area, including the ostium of the superior vena cava (data not shown).
